ABSTRACT We have cloned fragments of the Klebsiella pneumoniae genome that carry part of the his o ron and part of the nitrogen fixation (nif) gene cluster on the amplifiable plasmid pMB9. One particular plasmid, pCRA37, complements mutations in the hisD, nifE, and nifF loci. The physical map of pCRA37 as determined by restriction enzyme analysis correlates with the genetic map of the his-nif region as determined previously by phage P1-mediated cotransductional analysis.
nif genes have previously been constructed with conventional genetic techniques (2, 3) . Although these plasmids are useful in genetic studies, their large size and low copy number make them unsuitable for experiments that require the large-scale purification of nif DNA.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Escherichia coli strains J62-1 (pro his trp nair lac) and C603 (his arg) have been described previously (4) . Klebsiella pneumoniae strain KP5058 is a hsp-strr derivative of strain KP213 (hisD2 nifB213) (5) .
The UN series of K. pneumoniae nif mutants (6, 7) was obtained from Winston Brill. The stringent plasmid RP41 is a Abbreviations: BS, basal salts medium; NFDM, nitrogen-free medium; cRNA, complementary RNA; kb, kilobase (1000 bases or base pairs); r and s, resistant and sensitive, respectively; Tc, tetracycline; His+ and His-, histidine-independent and -dependent phenotypes, respectively; Nif+ and Nif-, nitrogen-fixing and -nonfixing phenotypes, respectively. t To whom reprint requests should be addressed.
derivative of the P-type plasmid RP4 and carries the K. pneumoniae his operon and the his-linked nif gene cluster (3) . The relaxed plasmid pMB9 (8) (described in the text) was obtained from H. Boyer.
Media. Basal salts medium (BS) is 1.05% K2HPO4, 0.45% KH2PO4, 0.01% MgSO4-7H20, 0.2% (NH4)2SO4, NaCl at 10
,gg/ml, CaCI2-2H20 at 1 Ag/ml, 0.4% glucose. LB medium is 1% Bacto-tryptone, 0.5% yeast extract, 0.5% NaCl, pH 7.2. Nitrogen-free medium (NFDM) for nitrogenase assays has been described previously (9) . Purification of DNA. Supercoiled RP41 DNA was isolated from a mid-logarithmic phase culture of J62-1/RP41 grown in BS medium containing 100 ,g/ml of casamino acids and 50 Mug/ml of tryptophan and proline by the method described by Cannon et al. (9) . Supercoiled pMB9 DNA was isolated from a chloramphenicol treated (10) mid-logarithmic phase culture of C603 grown in LB according to the procedure of Clewell and Helinski (11) . Supercoiled hybrid plasmids in strain KP5058 were isolated according to the procedure of Cannon et al. (9) except that the cells were grown at 320 to a density of 2 X 108/ml in BS media containing tetracycline at 10 ,ug/ml and streptomycin at 200 ,tg/ml, at which point chloramphenicol was added to 200 ,g/ml and the culture was incubated an additional 16 hr at 320 with vigorous agitation. In addition, the cleared lysate + CsCl mixture was centrifuged twice at 37,000 X g at 150 for 20 min and carefully removed from the precipitate prior to the addition of ethidium bromide. Bacteriophage A DNA was isolated from purified XcI857Sam7 phage particles according to the procedure of Pirotta et al. (12) .
Enzymes. Restriction endonuclease EcoRl was purified by a modification of the procedure of Greene et al. (13) . Sal 1 was a gift from John Bedbrook. Phage T4 polynucleotide ligase was purified by the procedure of Panet et al. (14) . E. coli RNA polymerase was purified as described by Berg et al. (15 Agarose Gel Electrophoresis. Agarose tube gels (10.5 cm X 6 mm) were prepared by the method of Hayward and Smith (16) using the modifications described by Hamer and Thomas (17) and Thomas and Davis (18) . The gels were fluorochromed and photographed essentially as described by Hamer and Thomas (17) .
Construction of Hybrid Plasmids. Supercoiled RP41 DNA (10,g) was digested with EcoRl in the presence of distamycin A (Boehringer-Mannheim) at 12 jig/ml in a total volume of 1 ml. The reaction mixture was the same as described above except that the minimum amount of EcoRl needed for a terminal digest was used. The restriction reaction was terminated by a 5-min incubation at 65°. tRNA (Sigma, type I) was added to the digested RP41 DNA (900 Al) to a final concentration of 10 ,ug/ml and the mixture was extracted with an equal volume of phenol saturated with 10 mM Tris-HCl at pH 8.0 and 1 mM Na2EDTA. The aqueous phase was aspirated gently and then brought to 0.3 M in sodium acetate. The DNA was precipitated with 3 volumes of 70% ethanol, dried at room temperature, resuspended in 50 Al of 60 mM Tris-HCl at pH 7.5 containing 20 mM MgCl2, mixed with 50 jud of pMB9 DNA terminally digested with EcoRl, and incubated 1 min at 650 and then 12 hr at 00. Ligase (in 2-fold excess of the concentration required to give complete ligation) and ATP were added, producing the final concentrations: RP41 DNA, 84 ttg/ml; pMB9 DNA, 25
,ug/ml; ATP, 0.09 mM. The mixture was incubated at 12.7°o vernight, diluted to a volume of 5 ml containing 30 mM Tris-HCl at pH 7.5, 10 mM MgCl2, and 0.1 mM ATP, and incubated 8 hr at 00. Ligase (2-fold excess) was added and the mixture was incubated at 12.7°overnight and made 0.3 M in sodium acetate, and the DNA was precipitated with 0.54 volumes of isopropanol. The pelleted DNA was air dried at room temperature and resuspended in 50 Al of 5 mM Tris-HCl at pH 8.0, 0.25 mM Na2EDTA. Ten microliters of the ligated DNA mixture was mixed with 0.09 ml of 0.03 M CaCl2 and used to transform KP5058 as described below.
Transformation. K. pneumoniae strain KP5058 was transformed by the method of Cohen et al. (19) except that the cells were grown in LB and then concentrated 100-fold in CaC12 prior to the incubation with DNA. Following a heat shock at 42°for 3 min, the cells were diluted 50-fold in LB, grown for 3 hr at 32°, washed in 5 ml of 0.01 M MgSO4, plated on BS agar containing streptomycin at 200,ug/ml, and incubated at 320 for 48 hr. Transformation of the UN series of strains was the same, except that for UN901 and UN906 histidinol was added to the selective plates at 20 ,ug/ml. Acetylene Reduction Assay for Nitrogenase. A 0.01 ml aliquot of a mid-logarithmic phase LB culture was added to 6 ml of NFDM medium (supplemented with arginine at 25 ,g/ml and aspartic acid at 100 Ag/ml for C603 transformants) in a 7 ml French square screw-top bottle. The bottles were capped with serum stoppers, incubated overnight on a rotary shaker at 28°, and injected with 1 ml of acetylene. Ethylene production was measured after 3 hr by injecting a 0.5 ml gas sample into a Varian 940 or a Pye 104 gas chromatograph fitted with a 45 cm Parapak N (Waters Associates, Inc.) column (1 mm internal diameter) at 370 with N2 as carrier gas at a flow rate of 7 ml/min.
Hybridization. DNA endonuclease restriction fragments electrophoresed in agarose gels were transferred to Millipore filters (HAWP 00010) by the method of Southern (20) . EcoRlgenerated pCRA37 DNA fragments were eluted from agarose gels as described by Tanaka and Weisblum (21) , except that the elution buffer was 5 mM Tris-HCl at pH 8.0, 0.25 mM Na2EDTA. The eluted DNA fragments were used as templates for complementary RNA (cRNA) synthesis as described by Southern filters according to the method of Maizels (22) , except that at the end of hybridization the filters were washed three times in 1 liter of 1 X SSC (0.15 M NaCl, 0.05 M sodium citrate) for 1 hr at 650 (23).
CLONING STRATEGY As a source of nif genes for in vitro cloning experiments, we used purified DNA of the stringent R' plasmid RP41 (3). RP41 is derived from the promiscuous P-type plasnid RP4 and carries a cluster of K. pneumoniae nif genes. When transferred to E. coli or Salmonella typhimurium by conjugation, RP41 enables its host to fix nitrogen (3, 24) . Because RP41 has a molecular weight of approximately 60,000,000 (3), nif genes are 50-to 100-fold more concentrated in RP41 DNA than in K. pneumoniae chromosomal DNA. Fig. 3 shows that the cluster of nif genes carried by RP41 maps adjacent to the histidine (his) biosynthesis operon on the K. pneumoniae genome (5) (6) (7) (25) (26) (27) . In order to obtain an estimate of the size of the nif gene cluster, we used published cotransductional data (6, 7, 27) in conjunction with the Wu equation (28) to calculate the distance in kilobases (kb) between the hisD gene and selected nif genes. It appears likely that a DNA fragment carrying hisD and all of the his-linked nif genes would be at least 30kb (20 megadaltons). A fragment of this size would probably contain many recognition sequences for different restriction endonucleases.
To decrease the probability of cloning only a small fragment of the nif cluster, we decided to clone partial restriction digests of RP41 DNA. To do this, we used distamycin A, an antibiotic that binds to DNA and interferes with restriction endonuclease cleavage (29, 30) . This drug has already been used to clone partial EcoRl restriction fragments of Dictyostelium discoideum ribosomal DNA (22) . As a cloning vehicle we chose pMB9, a 3.5 megadalton amplifiable plasmid carrying tetracycline resistance genes (Tcr), the replicator region from ColEl, and a single recognition site for EcoRl (8) .
Because we found that K. pneumoniae can be transformed with covalently closed plasmid DNA molecules by means of the procedure devised by Cohen et al. for E. coli (19), we constructed a hisD2 nifB213 hsp-strr derivative of K. pneumoniae (strain KP5058) designed to identify plasmids carrying his and nif genes-. The hsp-(restrictionless) mutation prevents restriction of transforming DNA that has been isolated from E. coli. The close linkage of hisD2 and nifB213 (27) increases the probability of identifying plasmids carrying only a portion of the his-linked nif genes. The hisD2 mutation allows direct selection for a histidine-independent (His+) phenotype and subsequent screening for a nitrogen-fixing (Nif+) phenotype. We decided not to select directly for complementation of the nifB213 mutation because we observed that direct selection for Pl-mediated transduction of alleles into nif-recipients yields Nif+ transductants at a considerably lower frequency than transduction of the wild-type allele into hisD2 recipients followed by screening for Nif+ cotransductants.
RESULTS
Construction of Hybrid Plasmids. In a typical experiment designed to construct an amplifiable hybrid plasmid carrying nif genes, RP41 DNA was partially digested with EcoRl in the presence of distamycin A at 12 jig/ml and then ligated to EcoRl linearized pMB9 DNA with T4 polynucleotide ligase.
The experimental details were modeled after those described 2964 Genetics: Cannon et al. Maizels (22) . The 32P-labeled cRNA was hybridized to the Proc. Natl. Acad. Sci. USA 74 (1977) 2965 pCRA37 to transform E. coli strain C603, none out of 120 His+ TcR transformants was Nif+, whereas genetic transfer of RP41 to C603 conferred nitrogen-fixing ability on all His+ transconjugants tested (data not shown). The Nif+ His+ phenotype of pCRA37 transformants is probably due to complementation rather than recombination between pCRA37 and the chromosome because physical loss of pCRA37 induced by growth on nonselective media correlated 100% with the appearance of a His-Nif-Tcs phenotype. Physical Characterization of Hybrid Plasmids. Fig. 1 shows the EcoRl and Sal 1 restriction characterization of pCRA10, pCRA13, and pCRA37. EcoRl digestion of pCRA37 yields linearized pMB9 and four additional fragments of 0.9, 1.8,3.6, and 5.2 megadaltons, as shown in gels B and F. EcoRl digestion of pCRA10 and pCRA13 reveals that they contain a subset of the fragments contained in pCRA37 (gels C and D).
Restriction maps of pCRA10, pCRA13, and pCRA37 containing the sites of EcoRl and Sal 1 cleavage were constructed using: (i) the EcoRl and Sal 1 restriction patterns shown in Fig.  1; (ii) the restriction pattern of pCRA37 DNA digested sequentially with EcoRl and Sal 1 shown in Fig. 2 D-H; and (iii) the hybridization pattern of [32P]cRNA to Sal 1 fragments of pCRA37 DNA shown in Fig. 2 A-C. The [32P]cRNA was synthesized in vitro using the 3.6 or the 5.2 megadalton EcoRl fragments of pCRA37 or pMB9 DNA as templates. Fig. 3 shows the order of EcoRl and Sal 1 restriction fragments in pCRA10, pCRA13, and pCRA37. The EcoRl fragment (labeled D in Fig. 3 ), cloned in all three plasmids, must contain a portion of the his operon that includes at least the operator, promoter, and the hisD and hisG genes. This conclusion assumes that the organization and direction of transcription of the his operon is the same in K. pneumoniae as in E. coli (34, 35) . Also in Fig. 3 , the experimentally determined lengths of pCRA1O, pCRA13, and pCRA37 are compared to the estimated length of the his-nif region of the K. pneumoniae Genetics: Cannon et 
DISCUSSION
It is possible that the length of the nif gene cluster estimated from cotransduction frequencies (Fig. 3) is overestimated and that pCRA37 actually contains the nifD and ntfH genes. The failure of pCRA37 to complement mutations in the nitrogenase structural genes may be due to the lack of a functional promoter for these genes on pCRA37. The fact that pCRA37 complements nifB and nifF mutations implies that the nif gene cluster is transcribed from left to right (as depicted in Fig. 3) , that the nif gene cluster is transcribed from right to left but contains internal promoters, or that the nifB and nifF genes are transcribed from a promoter on pMB9. One observation that may indicate that both the his and nif genes on pCRA37 are transcribed from a pMB9 promoter is that all of the his and his-nif plasmids we have constructed have the K. pneumoniae DNA inserted in the same orientation. To determine whether the nif genes of pCRA37 are being read from a ntf-specific promoter, one can monitor whether the expression of nif genes on pCRA37 is repressible by ammonia, as the expression of the chromosomal nif genes is.
If our size estimate of the nif cluster is correct, it will be difficult to clone the entire nif cluster in a single in vitro experiment. A plasmid carrying hisD and the entire nif cluster will probably be larger than 20 megadaltons, and we have observed that plasmids of this size transform at an extremely low frequency. To circumvent this difficulty, the nif cluster can be cloned in two pieces on nonhomologous cloning vehicles. If these two plasmids share a region of homology near the middle of the nif cluster, a complete nif gene cluster on a single plasmid can be constructed in vivo by recombination as described by Bedbrook and Ausubel (36) .
We have used distamycin A to generate a set of plasmids, each plasmid in the set containing one or more than one contiguous EcoRl restriction fragment of the chromosome. This set of plasmids can be used in genetic mapping experiments analogously to a set of chromosomal deletions all of which have one end point fixed. We believe that the arrangement of EcoRl fragments in pCRA37 is identical to the order of the same fragments on the chromosome, because two plasmids identical to pCRA37 were constructed in two independent cloning experiments.
